We have successfully observed electron spin resonance (ESR) signals of radical anions in thin films of tris (8-hydroxyquinoline) aluminum (Alq 3 ), a compound widely used as electron transporting and luminescent layers in organic light-emitting diodes. To obtain definitely defined radical-anion states in Alq 3 , we doped Alq 3 with Mg by co-evaporating these materials. The obtained g value and peak-to-peak ESR linewidth ΔH pp of Alq 3 radical anions are 2.0030 and 2.19 mT, respectively. Theoretical g value and hyperfine interactions were calculated by density functional theory method, which are in good agreement with the experimental results. A quantitative evaluation of doping concentration was performed. We confirmed that doped charges are localized at deep trapping sites by the lineshape analysis and temperature dependence of the ESR signals. Morphological investigation using transmission electron microscopy clarified that the co-evaporated Mg atoms form clusters.
Introduction
Since the first multilayered organic light-emitting diode (OLED) was introduced by Tang et al. [1] , there have been drastic improvements in their device performance, and OLEDs are now ready to be commercialized [2, 3] . OLEDs are currently ones of the strong candidates for next-generation displays and lightings owing to their excellent characteristics [2] . However, there are still several problems remain to be clarified such as degradation mechanisms and charge carrier states in OLEDs [3] . Investigating charge-carrier states in organic thin films is also a fundamental subject in basic science in addition to significant contribution for understanding device operation in OLEDs.
Charge carriers in organic materials can be described as radical ions and are usually accompanied with spins. Electron spin resonance (ESR) spectroscopy is suitable for investigating charge carriers in organic semiconductors and their devices from microscopic viewpoints, because it can directly observe electron spins. We have applied this spectroscopy not only to organic semiconducting materials [4] but also to organic semiconductor devices under operation such as organic field-effect transistors (OFETs) [5] [6] [7] and organic solar cells (OSCs) [8] . We also performed ESR study to investigate charge-carrier states of radical cations in N,N'-Di (1-naphthyl) -N,N'-diphenylbenzidine (NPB), a typical hole transporting material in OLEDs [9] . Pawlik et al. demonstrated that ESR study is also effective for OLEDs [10] . Alq 3 is a compound widely used as a luminescent and electron transporting material in OLEDs [1] . The chemical structure of Alq 3 is shown in Fig. 1 . In OLED devices, electrons are injected from cathode to Alq 3 , which forms radical anions (negative polarons).
Characterizing these radial anions is one of the most important issues associated with chargecarrier states of the real devices. There have been several reports for ESR characterization of Alq 3 up to now [11] [12] [13] [14] [15] . However, these studies mainly observed residual paramagnetic species such as paramagnetic impurities or free radicals and did not identify the radical species in the ESR signals. Thus, a detailed ESR study on charge-carriers states in Alq 3 has not yet been reported.
In this study, we investigate the charge-carrier states of Alq 3 radical anions using the ESR method combined with density functional theory (DFT) calculation. To obtain definitely defined anion states of Alq 3 , doping by Mg was performed; such doping method is a common method to paramagnetize sample materials in the field of ESR study. Mg-doped Alq 3 films are also used as an electron injecting layer whereby the dopants seem to lower a potential barrier at Alq 3 /Al interface [16, 17] , and as an interconnecting layer in tandem-structure OLEDs [18] . In our ESR study, we clearly observed ESR signals due to Alq 3 radical anions in 
Experimental
Mg-doped Alq 3 film samples were prepared in a vacuum chamber under pressure of 2×10 DFT calculations were performed for an isolated Alq 3 radical anion with the B3LYP functional and the 6-31G(d) basis set. The geometry is fully optimized for its meridional isomer. The calculations were carried out with the Gaussian 09 package [19] .
Results and Discussion
By using Mg doping, we have successfully observed ESR spectra of Alq 3 and three hydrogen atoms (H7, H9, and H15) have absolute value of hyperfine interaction more than 0.5 mT. For atom numbering, see Fig. 1 . The hyperfine interaction with a nitrogen atom splits one resonance line into three, because the natural abundant 14 N nucleus has nuclear spin I = 1. This could make ESR linewidth further broader. For these reasons, we can expect an ESR signal with broad linewidth as we observed.
Next, we discuss the motion of charges doped in the films by means of lineshape analysis and the temperature dependence of the ESR signals. The shape of the ESR spectra was identified as Gaussian. This is evidence that the injected charges are deeply trapped and localized without motional narrowing. In order to further confirm the localization of charge carriers, temperature dependence of the ΔH pp was measured with the sample in the ratio of 1:1 in the temperature range between 4.2 and 300 K. Generally, in case of highly mobile charge carriers, ΔH pp is expected to be narrowed as increasing the temperature because of motional narrowing. Our previous study on NPB thin films doped by iodine vapor showed that the ΔH pp is considerably narrowed as increasing the temperature due to the motional narrowing [9] . On the other hand, in this study, only small temperature dependence was observed, indicating almost no motional narrowing behavior for charges in Mg-doped Alq 3 .
Thus, we confirm that the majority of the charge carriers are localized at deep trapping sites, implying that the binding energy of these trapping states are much larger than room temperature.
Here, we evaluate quantitatively the number of the charges transferred from Mg to Alq 3 .
Assuming that the Alq 3 molecules are singly charged, the number of charges with spins in the films is evaluated as 3.94×10 19 and 1.85×10 19 cm -3 for the samples in the ratio of 1:1 and 1:0.5, respectively. If we assume that charges are distributed uniformly over the film, we can evaluate the doping concentration in these films, that is, a percentage of charged molecules in total Alq 3 molecules in the film. The later number was calculated from molecular weight, the volume in the films, and density reported in Ref. 22 . The doping concentration was calculated to be 2.2 % and 1.0 % for the samples in the ratio of 1:1 and 1:0.5, respectively. In appearance, the doping concentration almost linearly increases with the co-evaporating ratio.
Next, we performed morphological investigation of the samples using TEM. Figure 4 shows a TEM image of the 1:0.5 sample. We can clearly observe that the clusters of Mg are formed. These Mg clusters were also found in the 1:1 sample. Therefore, we can confirm that
Mg atoms in co-evaporated films tend to be condensed, rather than being dispersed in an atom level. This result probably indicates that the charge transfer takes place at the interface between Alq 3 molecules and Mg clusters. The region specified by Alq 3 :Mg in the image is amorphous nature. We didn't confirm that Mg actually exists in the region because Mg clusters less than 0.5 nm cannot be detected by the TEM observation.
Finally, we comment on the energy level of Alq 3 . When the lowest unoccupied molecular orbital (LUMO) level of Alq 3 (3.1 eV) [17] is compared with the work function of Mg (3.66 eV), charge transfer seems to be hard to take place between Alq 3 and Mg. However, we also need to consider the relaxation of the molecular structure after accepting an electron as well as the Coulomb attraction between the Alq 3 anion and cationic Mg cluster (or surface). Both of them stabilize the charge transfer state and may result in the formation of a gap state lower than the LUMO. A previous theoretical work pointed out the formation of gap state in the system of Alq 3 with a Mg atom [23] . Thus, it is likely that charge transfer, at least in part, takes place.
Conclusion
We have successfully observed ESR signals of radical anion states of Alq 3 and performed for the first time detailed investigation of radical anion states of Alq 3 based on the ESR spectroscopy. In order to obtain definitely defined radical-anion states of Alq 3 , we co- proportionally to the ratio of Mg atoms in the co-evaporation. The TEM observation showed that Mg clusters are formed in these samples. Based on this study, we can expect that the ESR spectroscopy is useful to study charge states in OLEDs and offers a basis to device characterization. 
